Abstract -A numerical fracture flow simulation based on the lubrication approximation is used to investigate the influence of roughness on the flow inside a rough fracture, at low Reynolds number. Facing surfaces are described as self-affine topographies with identical roughness magnitude. Resolution of the Reynolds equation is achieved using two distinct numerical schemes, with consistency. Fracture closure is studied assuming perfect plastic contact between facing surfaces. Long-range correlations are shown to exist in the local aperture field due to the fracture geometry and subsequently in the local fluxes inside the fracture. Flow channeling is the result of these correlations in terms of spatial distribution of the flow, and is responsible for either flow-enhancing or flow-inhibiting behavior of the fracture. Matching between the two surfaces at scales larger than a mismatch scale is studied. The mismatch scale is the upper limit scale for the local apertures scale invariance. It appears to control flow channeling and the related dispersion of the possible behaviors over a large statistics of fractures with identical statistical features. Hydraulic anisotropy of a given fracture is investigated: the dependence of the fracture transmittivity on the pressure drop orientation is proved to be sinusoidal, with an amplitude that is controlled by the mismatch scale.
Introduction
Flow in crustal rocks with a low permeability is controlled by the hydraulic behavior of the fracture networks they contain (BEAR et al., 1993; SAHIMI, 1993) . Two characteristics of the fracture network control the rock permeability: the fracture connectivity (BERKOWITZ and ADLER, 1998) , and the permeability of individual fractures. The present work is focused on the latter feature.
The permeability of a fracture depends both on the fracture mean opening and the geometry of the facing surfaces. A number of experimental analyses, both on synthetic (SCHMITTBUHL et al., 1995a; BOUCHAUD, 1997; BOFFA et al., 1998) and natural fractures (BROWN and SCHOLZ, 1985; SCHMITTBUHL et al., 1993) , show that fracture surface topographies are rough and exhibit scale invariance over a large range of wavelengths. These fluctuations of the geometric boundaries imposed to flow can strongly influence the permeability of the fracture. For fracture separations large in comparison to the vertical extent of roughness, the simple model of a parallel plate with an aperture equal to the fracture mean opening d m provides a good estimate for the fracture permeability. The volumetric flow Q through the fracture is proportional to the macroscopic pressure gradient, $P , by a factor that is a cubic law of the fracture opening (IWAI, 1976; COOK, 1992; ZIMMERMAN and BODVARSSON, 1996) :
where L y is the dimension of the fracture transverse to flow, and g is the fluid viscosity. For fractures that are close to surface contact, Equation (1) still holds under the condition that the mean aperture d m be replaced by another characteristic parameter, the hydraulic aperture d h . The latter is the opening of a parallel plate with a permeability equal to that of the rough fracture. The deviation of d h from d m accounts for the difference between the permeability of the fracture and that of a parallel plate with identical mean opening. Thus it is an estimate of the influence of fracture wall geometry on fracture flow. The effect of roughness on fracture flow has been studied in terms of fracture permeability in a number of experimental works (DURHAM and BONNER, 1994; DURHAM, 1997; YEO et al., 1998) . Recent studies also provide an experimental description of the flow paths (BROWN et al., 1998; DIJK et al., 1999) . The relation between local features of the flow inside the fracture and the permeability at the fracture scale has been studied using numerical finite difference simulations based upon the Reynolds equation (see Section 2.3) (BROWN, 1987 (BROWN, , 1989 THOMPSON, 1991; THOMPSON and BROWN, 1991; AMEDEI and ILLANGASEKARE, 1994) . The validity of this equation has been discussed using a comparison with results from a lattice-gas automaton , from a complete 3-D simulation of the flow (MOURZENKO et al., 1995) , and by comparing experimental measurements and numerical results obtained by application of the Reynolds equation to a recording of the experimental geometry (NICHOLL et al., 1999) . Models based on electrical analogs have also been developed (TSANG, 1984; MORENO et al., 1988) .
In a previous work (ME´HEUST and SCHMITTBUHL, 2000) , we had presented an experimental study of the flow through a plane-rough fracture model, which exhibited a strong hydraulic anisotropy. Anisotropy of the smooth-rough fracture behavior toward flow has been explained in terms of channeling in a complementary work (ME´HEUST and SCHMITTBUHL, 2001) , and related to the long-range correlations in the local apertures at the fracture scale, using a numerical model based on the lubrication approximation. We present here the model of a fracture made of two rough surfaces of identical vertical extent, allowing moderate plastic contact between them, and using the same method for simulating fracture flow as in (ME´HEUST and SCHMITTBUHL, 2001) . We show that in the limit of slow viscous flows, this configuration is equivalent to that studied experimentally in (ME´HEUST and SCHMITTBUHL, 2000) . We demonstrate how long-range correlations existing in the local apertures are transmitted to the local fluxes inside the fracture, which results in flow channeling. For facing surfaces that are matched at large scales, we show how the latter phenomenon is controlled by local aperture fluctuations at the mismatch length scale.
A Numerical Model for the Flow Between Two Rough Walls

Geometry of the Model
We consider a fracture made of two rough walls with parallel horizontal mean planes. The latter are separated by the mean fracture separation, or mechanical aperture, d m . Local fluctuations of the rough topographies with respect to their respective mean planes are denoted h u ðx; yÞ (upper surface) and h l ðx; yÞ (lower surface) respectively, where ðx; yÞ denotes the position on the horizontal grid. We assume that the height distributions h u and h l have the same root-mean-square, r, which accounts for the vertical extent of the rough topographies. The fracture projection on its horizontal mean plane is assumed to be square, of lateral length L. A steady-state flow is forced between two of its parallel sides. A sketch of the model is shown in Figure 1 .
Model for the rough wall topographies
In good agreement with a number of measurements on artificial (SCHMITTBUHL et al., 1995a; BOUCHAUD, 1997) and natural (SCHMITTBUHL et al., 1993; BOUCHAUD, 1997) rock fracture surfaces, we describe each rough surface as an isotropic self-affine fractal. The probability for two points of the topography with horizontal positions distant by l to have altitudes different by a vertical length in the interval ½h; h þ dh is Pðh; lÞ dh, where the density probability function P can be written as
where U is an appropriate scaling function (SCHMITTBUHL et al., 1995a) . The Hurst exponent f accounts for the scale invariance of the topography: a sub-part of the surface of lateral size L=a is statistically identical to the whole surface, provided that the vertical axis be rescaled by a Àf . Exponent f has been chosen to be 0:8, a value that has been proposed as universal (BOUCHAUD et al., 1990) .
Such a two-dimensional topography exhibits long-range spatial correlations. Its 2-D Fourier spectrum has an amplitude that scales as a power law of the wave number with an exponent À2ð1 þ fÞ (SCHMITTBUHL et al., 1995a) . We assume its phase to be random. We generate suitable topographies h i in the Fourier domain: distributions with no spatial correlations are first generated using a Gaussian Vol. 160, 2003 Scale Effects Related to Flow in Rough Fracturesprobability density function. Correlations are then introduced by multiplying their Fourier modes by the power law ðk
, where k x and k y stand for the components of the two-dimensional wave vector corresponding to the mode in question.
Characteristics of the Local Apertures
Local apertures inside the fracture are defined as
Due to the linearity of the Fourier transform, the self-affinity of the rough topographies results in the local apertures field also being an isotropic self-affine fractal (see Appendix A). Its root-mean-square C only depends on the root-meansquare of the boundary surfaces, r, and not on the mean aperture d m . For example, if the height distributions h i are perfect Gaussian, C is C ¼ ffiffi ffi 2 p r. Thus C and r are two parameters that can be used equivalently when comparing the extent of local aperture fluctuations to the mean aperture. In what follows, we use the root-meansquare of the surfaces, r.
Stokes Flow and Lubrication Approximation
We consider a steady-state flow where viscous forces dominate inertial effects, i.e., with a low Reynolds number: Re ( 1. In addition, we assume the lubrication approximation, according to which local apertures are slowly varying within the fracture, that is, k $d k( 1. Under these assumptions, the flow through the system can be studied by use of a two-dimensional equivalent system, where the 2-D local velocities are the local fluxes inside the fracture: q ¼ R dðx;yÞ vdz, and are related to local apertures through a local cubic law identical to (1) (ZIMMERMAN and YEO, 2000; ME´HEUST and SCHMITTBUHL, 2001) The large arrow denotes the direction of the flow.
The pressure field P inside the fracture, and subsequently, local fluxes, can be obtained through the Reynolds equation, which is simply the conservation equation for the conservative two-dimensional velocity field q:
An important consequence of this approximation is that P is derived from the only knowledge of the local apertures, whatever may be the rough surfaces responsible for it. Flow lines can also be obtained using a stream function, as explained in (ME´HEUST and SCHMITTBUHL, 2001 ). For local apertures that are self-affine up to the fracture scale, L, the typical local slope along local apertures, s, estimated using the smallest scale described in the model, l c , scales as (ME´HEUST and SCHMITTBUHL, 2001 )
where C is the root-mean-square of the local aperture field, or, equivalently,
where r is the root-mean-square of the rough topographies. Relation (7) diverges with decreasing l c (since f ¼ 0:8). The lubrication approximation requests that sðl c Þ be much smaller than 1. For a given fracture, i.e., fixed r and L, it imposes a lower limit to parameter l c , i.e., to the self-affine description. From the numerical point of view it imposes an upper limit to the size N of the grid used for sampling local apertures: N ¼ L=l c .
Numerical Techniques
We use two independent finite difference schemes to solve Equation (5). They are described in detail in (ME´HEUST and SCHMITTBUHL, 2001) .
The first method is based on the inversion of the linear system that associates the local aperture values at the nodes of the grid to those of the pressure field. The inversion scheme is based on a biconjugate gradient method. This scheme can be used with any kind of boundary conditions (periodic, semi-periodic, no-flow lateral boundaries), and allows values of the local apertures very close to or equal to 0.
The second one is a perturbation method developed by PLOURABOUE´et al. (1998) . It requires periodic boundary conditions, and allows a continuous rotation of the pressure head with respect to the fracture (see ME´HEUST and SCHMITTBUHL, 2001) . It uses FFT algorithms, which makes it much faster than the inversion method. From a theoretical point of view, the perturbation method cannot converge for fractures that Vol. 160, 2003 Scale Effects Related to Flow in Rough Fracturesare very close to surface contact (see ME´HEUST and SCHMITTBUHL, 2001 , for the convergence criterion). For configurations where they are both efficient, the two methods provide results that are different by no more than 10
À5 . In what follows, we have used periodic boundary conditions enabling the use of one method or the other, alternatively. The spectral method was used preferentially. In cases where it was not appropriate, the biconjugate gradient method was used.
We have used various grid sizes in these simulations, ranging from 256 to 2048. When simulating a fracture with a given size, L, increasing the grid size means diminishing the smallest scale considered in the simulation, l c . Large grid sizes allow a more precise description of local flow features. However, as shown in Section 2.3, the maximum possible value for the grid size is limited by the lubrication approximation. All grid sizes used throughout the study meet this upper limit requirement. On the other hand, small-scale features do not contribute significantly to the fracture permeability as long as the ratio between L and l c is as large as 256, a condition that is always met in our simulations. Within this range of allowed N values, relatively small grid sizes have been used for the statistical studies, to gain computation time.
Characterizing Correlations Along Local Apertures and Fluxes
As mentioned in Section 2.1.1, our synthetic rough fracture surfaces display isotropic long-range correlations that result in their Fourier power spectrum scaling as a power law of the wave number. As a consequence, the local apertures exhibit similar spectral features (see Appendix A). In order to check this, and also to examine whether local fluxes also display long-range correlations, we use three methods.
Computing the 2-D Fourier spectrum of a distribution provides a way of determining whether the distribution is isotropic or not. A cylindrical shape of the 3-D representation of the spectrum denotes isotropy. If so, the spectrum can be averaged over all directions in the Fourier space to obtain its dependence on the wave number. A self-affine behavior is detected as a power law with an exponent À2ð1 þ fÞ (see Fig. 6 ).
Two methods are carried out on linear profiles extracted from the twodimensional distributions. The results are averaged over many profiles to improve the accuracy. These methods only examine correlations along a given direction. They are used for examining correlations along distributions that are known to be isotropic, for example for determining the Hurst exponents of self-affine fractal distributions. One method consists in computing the 1-D Fourier spectrum of the profiles. An isotropic self-affine distribution exhibits a power law with an exponent À1 À 2f (SCHMITTBUHL et al., 1995b) , as shown in Figure 3 . The other method is the average wavelet coefficient method, which consists in computing the wavelet transform of the profiles and averaging it over all possible values for the translation parameter (SIMONSEN et al., 1998) . The curve obtained for a self-affine distribution is a power law with an exponent f þ 1=2. The two methods are used in parallel for consistency.
All methods have been tested successfully on numerically generated distributions. They have also been used successfully to analyze recordings of granite fracture surfaces (see ME´HEUST and SCHMITTBUHL, 2000) .
Closure of a Rough Fracture
In this chapter we consider a fracture with two independent rough topographies generated on a 512 Â 512 grid. We vary the ratio d m =r and observe how the flow evolves as the vertical extent of roughness increases relative to the fracture separation.
In contrast to a number of works that considered elastic surface contact (UNGER and MASE, 1993; MOURZENKO et al., 1997; TSANG and WITHERSPOON, 1981) , we allow fracture closure to go beyond surface contact by assuming perfect plastic contacts: parts of the rough topographies that overlap each other simply vanish (BROWN, 1987) . Thus, all local apertures that relation (3) would define as negative are set to zero. The overall area of the contact zones, S c , is kept smaller than 10% of the grid surface, L 2 . When contact occurs, some of the fluctuations in the local apertures are lost, which results in a decrease of the root-mean-square of the local apertures, C. This change is always smaller than 5%.
Evolution of the Local Apertures
In Figure 2a The same linear gray scale is used for all maps, which allows a visual comparison between them. A uniform gray scale denotes aperture fluctuations that are negligible in comparison to the mean aperture. As the fracture mechanical aperture is decreased (i.e., from top to bottom), the contrast of the maps grows, indicating that the local aperture fluctuations increase relative to the mean aperture.
We have checked the self-affinity of the two rough topographies. Onedimensional Fourier spectra computed as explained in Section 3 are shown in Figure 3 . The self-affine properties of the resulting local apertures for the normalized mechanical apertures 10:0, 3:0, and 2:0 are also checked in this figure. All spectra exhibit a slope of À2:60 AE 0:01, corresponding to the roughness exponent f ¼ 0:8 that has been imposed when generating the rough surfaces. The result has been verified by use of the average wavelet coefficient method (not shown here). It is Vol. 160, 2003 Scale Effects Related to Flow in Rough Fracturesstraightforward for the rough topographies. For the local apertures in an open fracture, it is also expected, as explained in 2.2 (see also Appendix A). It also holds along local apertures when a small part of the fracture is closed: the self-affinity of the surfaces is transmitted to the resulting local apertures. It is of significant consequence that there is no other characteristic scale available for the geometric description of the fracture than its size L itself.
Evolution of the Hydraulic Behavior
We have simulated the flow in the space between the two topographies corresponding to the aperture distributions shown in Figure 2a for two orthogonal Vol. 160, 2003 Scale Effects Related to Flow in Rough Fracturesdirections of the pressure head with respect to the fracture, labeled ) and +, respectively. The evolution of the ratio of the hydraulic aperture to the mean aperture d h =d m when varying the normalized mechanical aperture, d m =r, is shown in Figure 4 . The behavior of a parallel plate model corresponds to the horizontal line d h =d m ¼ 1. The hydraulic behavior of the rough fracture deviates monotonously from this ideal model as fracture separation is decreased, as a result of the increase of the roughness magnitude relative to fracture opening. For configuration ), the deviation from the parallel plate model is positive: the fracture is more conducive to flow than a parallel plate with identical mean separation (flowenhancing behavior). For configuration +, the deviation is negative (flow-inhibiting behavior). The decrease in the permeability of a fracture due to roughness, as displayed by configuration ), is a well-known effect. The possible flow-enhancing behavior exhibited by configuration + is less obvious: the fracture can be more conducive toward flow than a smooth fracture, or less, depending on the orientation of the macroscopic pressure gradient. Such a hydraulic anisotropy has been observed experimentally for an equivalent smooth-rough fracture by ME´HEUST and SCHMITTBUHL (2000) . 
Evolution of the Local Fluxes
In a previous work (ME´HEUST and SCHMITTBUHL, 2001) , we have explained how this possible hydraulic anisotropy is related to flow channeling: when the protruding of roughness into the void between the rough surfaces becomes significant, flow tends to avoid regions of small local apertures and find its way through preferential paths along tortuous large aperture channels. The existence of large aperture channels across the whole fracture results from the long-range correlations that exist along local apertures. Flow channeling grows more important as the fracture is closed. This is shown in Figures 2b and 2c, Figure 2b , bottom map, the flow mainly uses a large aperture channel along direction ), that can be seen across the whole fracture in Figure 2a (bottom map). This channel is large and oriented parallel to the applied pressure head which constitutes a configuration decidedly favorable to flow. This is consistent with the flow enhancing behavior observed in Figure 4 (dot-dashed line). In Figure 2c , flow is forced to use a very narrow pass of intermediate aperture, also visible on the right of the bottom map in Figure 2a . This is consistent with the flow-inhibiting behavior displayed in Figure 4 (plain line).
Visual inspection of Figure 2 makes clear that local fluxes and local apertures are correlated to each other. Local fluxes are the result of hydraulic boundary conditions at the fracture scale, coupled with long-range spatial correlations in the geometric boundary conditions (i.e., fracture surfaces). Thus, the distribution of local fluxes should exhibit a trace of the correlations found along local apertures. More precisely, we searched for such a trace in the field dqðx; yÞ that is the deviation between the local fluxes observed inside the fracture, qðx; yÞ, and those observed inside a parallel plate with equal permeability, q pp (uniform vector field). The Fourier power spectrum of the k dq k field is shown in Figure 5 , for a normalized aperture d m =r ¼ 4:0, that is, very close to surface contact, and in configuration ). It exhibits an anisotropy that does not exist in the distribution of local apertures. The deviation of the spectrum from a cylindrical shape occurs in a small defect region along the direction of macroscopic flow (direction ), or along x), or equivalently of the pressure head: the Fourier spectrum is small for wave vectors with a large magnitude and a direction close to the x direction. In other words, the field kdqk exhibits few small-scale fluctuations along direction ). This is the sign of a ''close to-uniform'' Vol. 160, 2003 Scale Effects Related to Flow in Rough Fracturesmovement along a large aperture pathway in the direction ) (see Figure 2b) . Distant from the x axis, the spectrum goes back to a cylindrical shape. The defect region represents a small part of the whole spectrum. We have computed the average of the spectrum over all directions, assuming that the defect region only contributes marginally to it. These computations have also been done for the power spectra of the components dq x and dq y ¼ q y . Corresponding curves are shown in Figure 6 . They are power laws, which indicate long-range correlations similar to those existing along local apertures. The slopes of the log-log plots are À3:60 AE 0:02 for the component of the local flux transverse to macroscopic flow, dq y , À3:41 AE 0:02 for that parallel to it, dq x , and À3:42 AE 0:02 for k dq k. The corresponding Hurst exponents are 0:8 AE 0:01, 0:70 AE 0:01, and 0:71 AE 0:01 for dq y , dq x , and dq, respectively. This means that the self-affinity of the local aperture field is transmitted to the component of dq transverse to the pressure head (same exponent 0:8 AE 0:01). Long-range correlations are also transmitted to the component parallel to macroscopic flow, and subsequently to the amplitude of dq. However, the resulting correlations are weaker. This is due to the contribution of the defect region mentioned above.
Figure 5 Map of the Fourier spectrum of k q À q pp k, where q pp is the uniform field of local fluxes in the equivalent parallel plate. The fracture considered here is the same as in Figure 2 . In contrast to the local aperture spectrum (not shown here), this spectrum exhibits an anisotropy of the distribution.
Discussion
We see that the effect of roughness on flow results directly from its self-affinity. The long-range correlations existing in the rough topographies at all scales including fracture scale also exist in the local aperture field. A consequence of this is the existence of a network of large aperture correlated paths across the entire fracture. Depending on the orientation of the macroscopic flow with respect to these channels, channeling occurs inside the fracture in a more or less favorable way. Channeling can be understood as the result of the correlations in the geometric boundary conditions imposed to flow being transmitted to the flow itself. As there is no horizontal characteristic scale smaller than the fracture size for describing the geometry of the fracture, there is no such scale for describing the flow inside the fracture. An important consequence of this is that there is no homogenization scale suitable for the definition of a permeability tensor inside a rough fracture with self-affine local apertures. The hydraulic behavior is controlled by fluctuations of local apertures at all scales up to the fracture scale. Moreover, large scale fluctuations have the largest contribution to it.
What happens then if the upper limit to the local apertures self-affinity is not the fracture size L, but a scale smaller than L? This condition situation occurs for real fractures when the two facing topographies are matched at large scale. This is the topic of the next section. The component parallel to flow, and subsequently, the vector dq itself, are anisotropic. The averaging over all directions provides a power law spectrum that indicates long-range correlations. However these correlations are weaker than those found along local apertures.
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Influence of Surface Matching on Hydraulic Properties
Experimental studies carried out on natural fracture surfaces (BROWN, 1986; GLOVER et al., 1998b) have shown that the two surfaces composing a fracture are often matched at large scales, in the sense that they display identical large scale fluctuations, while their small scales fluctuations are uncorrelated with each other. As a consequence, and although the fracture surfaces display a Fourier spectrum with a power-law behavior over the full range of length scales extending to the fracture size L, local apertures have a Fourier spectrum that is a power law (i.e., self-affine) up to a critical length scale, L c < L, and that flattens out at large scales. This mismatch scale, L c , is the only characteristic scale smaller than L available to describe the aperture geometry. We expect it to have a strong impact on the flow. (1995) recently proposed a simple model for describing rough fractures with matched topographies: the Fourier spectrum of the local apertures is self-affine at scales smaller than a mismatch crossover scale, L c , and constant at larger scales. GLOVER et al. (1998a) proposed a model with a continuous change from unmatched rough topographies at scales smaller than L c =2 to matched topographies at scales larger than L c .
Introducing Surface Matching into the Model
BROWN
In our model, the topographies h i are uncorrelated at wavelengths smaller than L c , and display identical fluctuations for wavelengths larger than L c . Suitable partly-matched topographies are generated in the following way. Two independent rough surfaces of identical vertical extent, h u and h l , are first generated (see Section 2.1.1). Distribution h u is kept unchanged. All Fourier modes of h l that correspond to wave lengths larger than L c are then equaled to the corresponding modes of h u . The resulting local aperture field exhibits a Fourier spectrum similar to that presented by BROWN (1995) , as shown in Figure 3 for a fracture with a mismatch scale L c ¼ L=4. In Figure 7 , we show an example of two sets of profiles extracted from the distributions h i ðx; yÞ and from the corresponding local apertures dðx; yÞ. In Figure 7a , the surfaces are unmatched up to the fracture size, L, while in Figure 7b a mismatch scale exists: L c ¼ L=2. In the former case, the profiles extracted from the surfaces display fluctuations uncorrelated with each other at all scales. In the latter case, the large scale fluctuations of the profiles are clearly similar.
Surface Matching and Lubrication Approximation
Since the upper limit for the self-affine behavior of the local apertures is L c , the typical slope along local apertures computed using the smallest scale in the model, l c , scales as
where f is the roughness (Hurst) exponent, L c is the mismatch scale, and C is the rootmean-square of the local apertures. Relation (8) is identical to relation (6), with length scale L c replacing fracture size L. Surface matching also implies that C scales as C $ L f c . The root-mean-square of the surface topographies scales as r $ L f . They are related through the scaling relation
Combining Equations (8) and (9) yields Equation (7). For a given fracture, i.e., fixed r, L and L c , the lubrication approximation imposes an upper limit value to the grid size N . This limit value is independent of possible matching between the facing surfaces.
Influence of Surface Matching on the Hydraulic Behavior of a Fracture
In this part, we study how surface matching influences the hydraulic behavior of the fracture. For this, we vary the ratio L=L c , while keeping the same numerical seed for the generation of the rough topographies, and the same root-mean-square for their height distributions. We call family of fractures a set of fractures corresponding to the same numerical seed, and that differ from each other only by the value for the mismatch scale, L c . 
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At fixed normalized aperture d m =r, as L c is lowered, two effects are expected to affect the flow between the rough surfaces. First, a systematic decrease in the amplitude of the local aperture fluctuations, C, is expected, following scaling law (9). Thus, the protruding of roughness into the void between the rough topographies is to become less important in comparison to the mean fracture separation. This effect is visible in Figure 7 : the vertical extent of the local apertures in Figure 7b is significantly smaller than what it is in Figure 7a . This ''C effect'' should always tend to bring the fracture back to a parallel plate behavior with decreasing L c . Second, the vanishing of spatially correlated fluctuations of the local apertures at large scales is expected to significantly modify the network of preferential channels for the liquid to flow through. We study here the hydraulic behavior of two fracture families generated on a 2048 Â 2048 grid, with respectively a strong flow-inhibiting (family A) and a slight flow-enhancing (family B) behavior observed when L ¼ L c .
The hydraulic aperture of the fractures in family A is investigated in Figure 8 behavior of the fracture. Here, the modifications of the preferential channels inside the fracture, when decreasing the mismatch scale, goes along the systematic ''C effect,'' and results in a rapid annihilation of the deviation from the parallel plate behavior. Plots respectively identical to Figures 8a and 8b are shown in Figures 9a and 9b , for fracture family B. For L c ¼ L, the fracture exhibits a flow-enhancing behavior. This type of peculiar configuration that allows the permeability to be larger than that of a parallel plate with identical opening has been observed in Figure 2b (see also Fig. 4) . It was observed experimentally by ME´HEUST and SCHMITTBUHL (2000) , and explained in terms of favorable flow channeling in ME´HEUST and SCHMITTBUHL (2001) . The latter work demonstrated that it is not the most frequent configuration when considering a statistics of independent fractures with unmatched facing surfaces, but the proportion of such configurations is far from being negligible. We see here that the flow-enhancing configuration holds no more for L c ¼ 3L=4, i.e., when large-scale fluctuations of the local apertures are set to 0: the fracture is flowinhibiting for L c 3L=4. Though the ''C effect'' tends to make d h =d m evolve monotonously to 1 with decreasing mismatch scale, the change in the flow preferential paths when moving from L c ¼ L to L c ¼ 3L=4 makes the deviation from the parallel plate model change sign and increase in absolute value. This fracture family exhibits a competition between the influence of the decreasing C and the more subtle effect related to the change in the main flow channels through the fracture as L c is decreased.
Families A and B exhibit two very different dependences of their permeability on the mismatch scale. We will now investigate what is the general behavior of a fracture family from the statistical point of view, considering a large number of independent fracture families. 
Influence of Surface Matching on the Statistical Hydraulic Behavior
We have computed the hydraulic aperture of 500 independent fractures with the same mismatch scale, generated on 256 Â 256 grids. This has been done for various normalized fracture separations (d m =r ¼ 4:0, 5:0, 6:0, 8:0, 10:0), and for various values of the ratio L c =L: 1=4, 3=8, 1=2, 3=4, 1. Figure 10 shows the histograms of the values for the ratio of the hydraulic aperture to the mechanical aperture, d h =d m , at normalized fracture separation 4:0. Each histogram corresponds to a value for the mismatch scale. The histograms narrow as the mismatch scale is decreased from its maximum value (L c ¼ L) to L c ¼ 3L=8. At the same time, their mean value converges to 1 (parallel plate estimate). This is a confirmation of the role played by long-range correlations of the fracture apertures in the existence of flow channeling and of the subsequent dispersion of the hydraulic behavior over a large statistics of independent fractures.
For each of the histograms computed at a given value of the fracture separation and for a given mismatch length scale, the mean behavior and the fluctuations of the statistics (i.e., the root-mean-square of the histogram) have been computed. They are shown respectively in Figures 11a and 11b , as functions of the ratio L c =L and for different values of the fracture mean aperture.
At fixed mechanical aperture, the mean behavior converges to the parallel plate estimate when the mismatch scale is decreased. On average, a rough fracture can exhibit a deviation of its hydraulic aperture from its mechanical aperture as large as Thus, the impact of correlated fluctuations of the local apertures at the fracture scale is very important. They are responsible for the existence of prefential large aperture channels, or similarly the existence of small aperture barriers across the whole fracture. They therefore allow a broad variety of hydraulic behaviors over a large population. For a given mismatch scale, the deviation of the mean behavior from the parallel plate estimate is negative and converges to 1 as fracture separation increases (see Fig.  11a ). This means that a majority of rough fractures are flow-inhibiting, and that flow-inhibition vanishes when the roughness amplitude becomes negligible in comparison to the vertical extent of the void between the rough surfaces. At the same time, the dispersion of the behaviors observed over the statistics decreases to 0 for decreasing fracture separations. This result was previously observed by ME´HEUST and SCHMITTBUHL (2000) in the case L c ¼ L.
Discussion
The Stokes flow (low Reynolds number) through a fracture with matched surfaces appears to be highly dependent on the mismatch scale, L c . Flow channeling Fluctuations of the statistics on the scale L c drop dramatically for L c < L. This is due to the disappearance of large aperture correlated channels at the fracture scale.
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inside the fracture is controlled by the large-scale spatially correlated fluctuations of the local apertures. As the upper limit scale for the self-affinity, the mismatch scale controls channeling effects and the related hydraulic behavior at the fracture scale. In particular, the fluctuations of the permeabilities observed over a large statistics of independent fractures are controlled by the mismatch scale. An important point lies within the fact that as soon as the mismatch scale is significantly smaller than the fracture size, say, L c < L=8, the fracture's hydraulic aperture does not deviate from the mean aperture by more than a few percent, for normalized apertures d m =r as small as 4:0. However, surface matching entails that the fracture separation can be decreased all the more before surface contact as the mismatch scale is smaller. By going close to surface contact, significant deviations of the hydraulic behavior from the cubic law are observed, as for fractures with no surface matching. Exclusively, these situations occur for mechanical apertures that are smaller than those required for surface contact when surfaces are not matched. In other words, the relevant parameter for studying fracture closure and its hydraulic consequences is the vertical extent of the local apertures, C, rather than that of the rough topographies, though the latter are easier to determine from an experimental point of view.
Influence of an Arbitrary Pressure Drop Orientation
Introduction to Hydraulic Anisotropy
In a previous paper (ME´HEUST and SCHMITTBUHL, 2001), we had shown how it is possible to rotate by any angle a the macroscopic pressure gradient applied to the fracture, considering a fracture with periodic boundary conditions. We computed a hydraulic aperture for the fracture from the volumetric flow through a given section of horizontal length L and perpendicular to the macroscopic flow. We had chosen a particular section S ðaÞ , the horizontal trace of which is centered on the center of the grid (see Fig. 12 ). We obtained a value for the hydraulic aperture of the fracture, d h ðaÞ, that was dependent on the pressure head orientation, thus displaying an anisotropy of the fracture permeability. An example of such a dependence, borrowed from (ME´HEUST and SCHMITTBUHL, 2001 ) and addressing a fracture with fullyunmatched topographies, is given in Figure 13 (plain line). Due to the periodicity of the model along the directions x and y, and not along the direction defined by a (for a 6 ¼ 0 and a 6 ¼ 90 ), the resulting dependence of the hydraulic aperture on the orientation of the pressure head with respect to the fracture was related to the particular section chosen for the calculation. Choosing another section of length L and transverse to flow, like that denoted S Defining a hydraulic aperture in the direction a from the computation of the flow through a section transverse to macroscopic flow and of infinite horizontal length, (ME´HEUST and SCHMITTBUHL, 2001) , and corresponds to a hydraulic aperture computed from the flux through section S ðaÞ (see Fig. 12 ). The long-dashed line is the curve for a hydraulic aperture computed from the volumetric flow through the section of infinite horizontal trace, S S ðaÞ 1 (see Fig. 12 ), provides an evolution of d h with a that is independent of the particular section chosen. Furthermore, the fracture transmittivity, k ¼ d 3 h =12g, exhibits a sinusoidal evolution as a function of a, in the form
A mathematical proof of equation (10) can be found in Appendix B. In Figure 13 , the evolution of 
Effect of Surface Matching
The hydraulic anisotropy of a rough fracture with unmatched topographies results from the correlations in the aperture distribution, as does the dispersion of the hydraulic behavior over a large statistics of independent fractures (ME´HEUST and SCHMITTBUHL, 2001) . For a fracture with partly matched surfaces, we expect the amplitude of the sinusoidal fluctuations in (10) to be strongly dependent on the mismatch scale. Figure 14 shows the evolution of ðd h =d m Þð0Þ À ðd h =d m Þðp=2Þ j j with L c =L, for the two fracture families presented in Section 5.3, at normalized fracture opening d m =r ¼ 4:0. The amplitude of the fluctuations with varying a decreases with decreasing mismatch scale L c . They are significantly smaller if fluctuations of the local apertures do not exist at the fracture scale, i.e., as soon as L c < L, for both fractures. Since it is related to channeling too, fracture anisotropy is dependent on the mismatch scale in the same way as the root-meansquare of d h =d m computed over a large number of independent fractures (see Section 5.4).
Discussion
The dependence of the permeability of a fracture on the orientation of the applied pressure drop is a consequence of flow channeling. It results from the orientation of the large aperture correlated channels inside the fracture with respect to the imposed macroscopic pressure gradient. Consequently, it is controlled by the upper limit scale for the aperture field self-affinity, L c . A fracture with partly matched surfaces and a mismatch scale that is significantly smaller than the fracture size (L c < L=4) displays little anisotropy: ðd h =d m Þð0Þ À ðd h =d m Þðp=2Þ j j < 1. This is consistent with the fact that under these conditions, the variety of possible behaviors for a fracture is quite narrow (see Section 5).
Conclusions
In this study we have simulated the flow through a rough fracture, using the Reynolds equation. The numerical model for the rough fracture consists of two rough isotropic self-affine topographies of identical vertical extent. It allows moderate plastic contact between them and possible surface matching at large scales.
We show that the self-affinity of the rough surfaces results in a self-affine behavior of the local apertures, with an identical roughness exponent, up to the mismatch scale only. The latter length scale is the only characteristic scale other than the fracture size which describes the geometry of the fracture. It also appears to be the only scale that controls the behavior of the flow inside the fracture. Indeed, long-range correlations in the local apertures result in long-range correlations in the local fluxes. Flow channeling is the consequence of this in terms of spatial distribution of the flow in the fracture plane. It is controlled by the correlated fluctuations of the local aperture field, dðx; yÞ, at the largest scale of the self-affine description for d, that is, at mismatch scale L c . The consequences of channeling in terms of hydraulic behavior at the fractures scale, such as the anisotropy of a given fracture toward pressure head orientation, or the dispersion of the behaviors of a large number of independent fractures with identical Vol. 160, 2003 Scale Effects Related to Flow in Rough Fracturesstatistical description (same mismatch scale, same vertical extent for roughness, same roughness exponent), are therefore controlled by the mismatch length scale. When trying to estimate the deviation of the fracture permeability from the parallel plate estimate, the mean opening has to be compared to the vertical extent of roughness at the scale L c , and not at the fracture scale. In other words, the vertical extent of the local apertures at the fracture scale is the right parameter to compare to the fracture separation, not the vertical extent of fracture walls' roughness at the fracture scale. The latter conclusions hold for a slow viscous flow inside the fracture, i.e., a flow that is only dependent on the local apertures. In particular, for such a flow, two rough topographies that are perfectly matched at all scales are perfectly equivalent to a configuration with two flat planes and the same surface separation. This is no longer true for flows at higher Reynolds number. For such flows, the role of the mismatch scale is probably more subtle. Another hypothesis of our model is that moderate contact occurs through pure plasticity. A study with a realistic elastic redistribution of contacts is in preparation.
